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9Scope of the thesis












the	 exploitation	 of	 these	 stem	 cells	 for	 clinical	 purposes.	 An	 understanding	 of	 the	 cues	








To	provide	 the	necessary	background	 information	 relevant	 to	 the	work	described	 in	 this	
thesis,	the	Chapter 1	 is	dedicated	to	a	general	 introduction.	The	first	part	of	this	chapter	
describes	the	adult	stem	cell	systems	from	blood,	intestine	and	liver.	This	will	be	followed	
by	the	part	dedicated	to	the	Wnt	signaling	pathway	and	its	roles	in	adult	stem	cell	systems.	
In	 the	 last	part,	 the	applicability	of	 liver	 stem	cells	 in	gene	 therapy	of	 lysosomal	 storage	
disorders	with	the	focus	of	Hurler	disease	will	be	explained.	
The	derivation	and	expansion	of	stem	cells	in	the	form	of	organoids	from	human	intestine	
and	 liver	 are	 dependent	 on	Wnt	 signals	 provided	 in	 the	 form	 of	 a	Wnt3a	 conditioned-
medium,	which	contains	serum	and	other	undefined	factors.	The	use	of	stem	cells	in	clinics,	
however,	 requires	 a	 robust	 and	 defined	 cell	 culture	 medium.	 Chapter 2	 describes	 how	
exploiting	 the	hydrophobic	nature	of	Wnt	proteins	 to	 stabilize	 them	using	 lipid-modified	
nanoparticles	instead	of	detergents	enables	the	establishment	of	human	intestine	and	liver	
organoids	in	serum-free	media.























semen	 and	 discovered	 spermatozoa.	 After	 Leeuwenhoek,	 however,	 it	 took	 two	 hundred	
years	 to	 improve	microscopes	 as	 well	 as	 tissue	 preservation	 techniques	 for	 further	 key	
observations.	For	 instance,	 in	the	first	half	of	the	19th	century,	Karl	Ernst	von	Baer	finally	



























The	stem	cell	 concept	has	ever	since	vastly	expanded	owing	 to	studies	 ranging	 from	the	
early	 embryo	 to	 adult	 organisms.	 In	 1981,	 Martin,	 Evans	 and	 Kaufman	 described	 the	
isolation	of	cells	from	the	inner	cell	mass	of	the	mouse	blastocyst	for	the	first	time8,9.	These	
cells,	referred	to	as	embryonic	stem	cells	(ESCs),	display	an	indefinite	self-renewal	capacity	
in vitro	 under	 proper	 culture	 conditions	 and	 retain	 the	 ability,	 known	 as	 pluripotency,	





















cells),	 the	hematopoietic	 system	performs	discrete	 functions	 including	oxygen	 transport,	
removal	of	cellular	waste	and	defense	against	pathogens.	The	continuity	of	these	functions	
requires	generation	of	millions	of	blood	cells	per	second	in	an	adult	human13.	The	steady	










In	an	adult	organism,	HSCs	are	mainly	 located	 in	 the	bone	marrow	(BM)	where	they	are	


















by	 Adolfsson	 and	 colleagues,	 however,	 suggests	 the	 presence	 of	 a	 lymphoid	 primed	
multi	potent	 progenitor	 (LMPP)	 that	 maintains	 both	 myeloid	 and	 lymphoid	 potenti	al,	





Owing	 to	decades	of	 studies,	much	progress	 in	our	understanding	of	hematopoiesis	 has	
been	 made.	 Moreover,	 these	 studies	 have	 facilitated	 the	 therapeuti	c	 success	 of	 HSC	
Figure 1.  Schemati c overview of hematopoieti c hierarchy. 
Residing	at	the	top	of	the	hierarchy,	HSCs	self-renew	and	give	rise	to	a	number	of	multi	potent	progenitors	
(MPPs),	which	become	progressively	restricted	towards	a	specifi	c	blood	lineage.	The	hematopoieti	c	hierarchy	
model	proposed	by	Weismann	 laboratory	 (solid	arrows)	suggests	a	strict	 separati	on	of	myelopoiesis	and	
lymphopoiesis	via	formati	on	of	a	common	myeloid	progenitor	(CMP)	and	a	common	lymphocyte	progenitor	
(CLP)	 from	MPPs.	The	alternati	ve	model	by	 Jacobsen	 laboratory	 (dott	ed	arrows),	however,	proposes	 the	
presence	of	a	lymphoid	primed	multi	potent	progenitor	(LMPP)	with	both	myeloid	and	lymphoid	potenti	al,	
















































































transplantation,	which	 is	 the	most	widely	 applied	 stem-cell	 therapy	 today.	 Nonetheless,	




Hematopoietic stem and progenitor cells identification and isolation





progenitors	 has	 facilitated	 investigations	 of	 important	 factors	 for	 ex vivo expansion or 
transplantation	of	pure	populations	of	cells.
In	 the	 adult	 mouse,	 all	 functional	 HSCs	 can	 be	 found	 among	 the	 population	 of	 bone	











the	 lack	 of	 efficient	 in vivo	 assays,	 the	 characterization	 of	 human	 HSCs	 has	 been	more	




immunodeficient	 mouse	 models32.	 However,	 CD34	 also	 marks	 more	 lineage-restricted	
progenitors.	 Therefore,	 isolation	 of	 cell	 subsets	 further	 enriched	 for	 human	 HSCs	 also	
necessitates	 concurrent	 use	 of	 several	 cell-surface	markers.	 Assessing	 long-term	 human	













peripheral	 blood,	 or	 umbilical	 cord	 blood	 (UCB)	 is	 the	 treatment	modality	 of	 choice	 for	
a	 variety	 of	 hematological	 and	 genetic	 diseases.	 Nevertheless,	 successful	 use	 of	 HSPC	
treatment	is	limited	by	a	lack	of	human	leukocyte	antigen	(HLA)-matched	donors,	high	risk	
of	graft-versus-host	disease	 (GvHD)	after	transplantation	and	 inability	 to	expand	the	rare	
population	of	HSCs.	
Among	the	different	sources	of	HSPC	for	clinical	applications,	UCB	provides	some	advantages	










In	 trying	 to	 increase	 the	 cell	 dose	 in	 UCB	 transplantations,	 different	 approaches	 have	









reconstitution	 of	 the	 blood	 system,	 thereby	 decreasing	 early	 morbidity	 and	 mortality.	




















in	 specialized	microenvironments	 of	 BM,	 referred	 to	 as	 niches,	 where	 they	 are	 in	 close	
proximity	 to	 supporting	 cells,	which	 provide	membrane	bound	 and	 secreted	 factors55.	 A	
wide	 variety	 of	 these	 factors	 including	 cell-adhesion	molecules,	 cytokines	 and	 signaling	
molecules,	 has	 been	 suggested	 to	 regulate	 HSC	 maintenance	 by	 establishing	 a	 balance	
between	self-renewal,	differentiation	and	survival.	
Among	 the	 numerous	 signaling	 pathways	 and	 adhesion	molecules	 constituting	 the	 HSC	
niche,	three	signaling	pathways,	namely	Notch,	Hedgehog	and	Wnt,	have	been	the	focus	
of	 studies	over	 the	 last	decade	due	 to	 their	putative	 roles	 in	adult	HSC	self-renewal	and	












have	 brought	many	 promises	 for	 therapeutic	 purposes.	 Here,	 I	 briefly	 explain	 the	 basic	
anatomy	of	the	small	intestine,	its	cellular	composition,	and	ISCs.	













jejunum	 and	 ileum	 (from	 proximal	 to	 distal).	 They	 can	 be	 distinguished	 based	 on	 their	




composed	 of	 four	main	 types	 of	 differentiated	 epithelial	 cells	 (Figure	 2).	 The	 absorptive	
enterocytes,	which	are	characterized	by	 luminal	brush	borders,	are	 found	 in	 the	villi	and	








Epithelial renewal in the intestine
Fulfilling	its	activities,	the	small	intestine	is	exposed	to	considerable	environmental	insults,	
































Figure 2.  Structure of the small intestine and its cell types. 
Lgr5+	CBC	stem	cells	reside	at	the	crypt	base	together	with	





Adult stem cells of the intestine 
Early	studies	towards	 identifying	the	 intestinal	stem	cells	 led	to	two	alternative	stem	cell	
models59:	the	crypt	base	columnar	cell	(CBC)	model	and	the	+4	cell	model,	respectively.	
In	the	early	1970s,	Cheng	and	Leblond	discovered	the	presence	of	slender,	immature	cycling	
cells,	 known	 as	 crypt	 base	 columnar	 (CBC)	 cells,	 interspersed	 among	 the	 Paneth	 cells60.







included	a	CBC	cell	and	gave	rise	 to	all	 four	differentiated	types	of	epithelial	 cells	of	 the	
intestine,	providing	additional	support	for	the	model	of	CBC	cells	as	 intestinal	stem	cells.	
With	 these	 observations,	 Bjerknes	 and	 Cheng	 further	 developed	 their	 stem	 cell	 zone	
hypothesis58,63,64,	 and	 stated	 that	 CBC	 stem	 cells	 reside	 at	 the	bottom	of	 the	 crypts	with	
Paneth	cells	and	only	exiting	the	stem	cell	zone	around	the	+5	position	(one	cell	diameter	
distance	from	the	uppermost	Paneth	cell)	lead	to	their	differentiation.	




+4	position66,67.	 The	 radiation	 sensitivity	 of	 these	 cells	was	 considered	 to	be	 a	 beneficial	
stem	 cell	 characteristic	 for	 prevention	 of	 accumulating	 carcinogenic	 genetic	 changes.	
Moreover,	 label-retention	is	usually	taken	as	 indicative	of	mitotic	quiescence,	however	in	
this	case	+4	cells	were	cycling	every	day.	This	label-retaining	trait	was	instead	proposed	to	
be	a	consequence	of	asymmetric	segregation	of	 the	 labeled	and	unlabeled	DNA	 into	the	
stem	cells	and	their	progeny,	respectively67.	Indeed,	the	‘immortal	strand’	theory68 suggests 
asymmetric	 segregation	 of	 chromosomes	 as	 a	 protection	 from	 accumulating	mutations.	
However,	this	hypothesis	has	not	been	proven	since.	On	the	contrary,	stem	cells	cycling	at	
the	intestinal	crypts	randomly	segregate	their	chromosomes69,70.	
Lgr5+ stem cells and organoids
Since	 the	 proposal	 of	 the	 intestinal	 stem	 cell	 models,	 many	 studies	 have	 focused	 on	














to	be	uniquely	 expressed	by	 the	CBC	 cells	 in	 the	 crypts	 of	 the	 small	 intestine12.	 Lineage	
tracing	studies	with	an	inducible	Lgr5	reporter	mouse	model	showed	the	formation	of	clonal	
ribbons,	which	persisted	 throughout	 the	 life	and	contained	all	different	 cell	 types	of	 the	
intestine.		These	further	demonstrated	the	longevity	and	multipotency	of	CBC	cells.	
In	contrast	to	many	other	adult	stem	cell	types,	Lgr5+	CBC	stem	cells	of	the	intestines	divide	





evidence	of	 stem	cells	 self-renewal,	 differentiation	and	 carcinogenesis.	 Consequently,	 he	










kinetics,	 longevity	and	capacity	to	generate	all	 the	cell	 types	of	the	tissue,	the	organoids	
form an in vitro	equivalent	of	mouse	small	intestinal	tissue.	
The	 functional	 readout	 proving	
the	 true	value	of	organoid	 system	
as	 a	 physiological	 model	 came	
from	 studies	 done	 with	 mouse	
colon	 organoids.	 Organoids	
derived	 from	 a	 single	 Lgr5+	
stem	 cell	 of	 mouse	 colon	 has	
proven	 to	 be	 transplantable	 into	
multiple	 recipient	 mice	 with	
chemically	 induced	 epithelial	
damage.	 The	 grafted	 organoids	
formed	 patches	 lasting	 at	 least	
six	 months	 without	 any	 apparent	
histological	 changes74.	 Thus,	 the	
invention	 of	 the	 groundbreaking	
organoid	 culture	 system	 further	
















Figure 3.  Schematic representation of a small intestinal 






patients	 do	 not	 respond	 to	 this	 treatment.	 Furthermore,	 after	 restoring	 the	 CFTR	 locus	
via	genome-editing	tools,	the	diseased	organoids	regained	their	cAMP	responsiveness.	 In	
addition,	human	intestinal	organoids	could	be	engineered	to	mimic	the	 in vivo	situations	




Liver stem cells 
Liver
The	 liver	 is	 a	 central	 organ	 for	maintenance	 of	 systemic	 homeostasis	 of	 an	 organism.	 It	
















of	 sinusoids,	hepatic	stellate	cells,	playing	a	 role	 in	extracellular	matrix	 remodeling	upon	
damage	and	secretion	of	a	variety	of	growth	factors,	reside	at	the	opposite	side.		



























As	a	result	of	the	 lack	of	geneti	c	tools	 in	rats	and	a	specifi	c	marker	to	 identi	fy	oval	cells,	
the	mouse	has	become	the	organism	of	choice	for	LSPC	studies.	Soon,	it	was	realized	that	
the	 injury	regimens	 leading	to	oval	cell	response	 in	rats	did	not	result	 in	the	same	eff	ect	
in	mice.	Therefore,	 for	oval	cell	 inducti	on	 in	mice,	alternati	ve	 injury	models	mediated	by	
hepatotoxins	 (e.g.,	 3,5-diethoxycarbonyl-1,4-dihydrocollidine	 (DDC)-containing	 diet82 or 















































Lgr5+ liver stem/progenitor cells and organoids
Despite	the	complications	of	in vivo	identification	of	stem	cell	populations,	several	groups	
isolated	liver	stem	cell	populations	from	the	adult	liver	based	on	marker	gene	expression.	
An	 important	 example	 for	 this	 comes	 from	 the	 studies	 of	 Huch	 and	 colleagues	 who	















Signal transduction pathways in regulation of self-renewal and differentiation of adult 
stem cells
A	 central	 question	 in	 applying	 stem	 cell	 technologies	 to	 clinics	 is	 how	 the	 self-renewal	
and	differentiation	of	stem	cells	are	controlled.	 In	order	 to	 increase	the	number	of	stem	
cells	 or	 guide	 them	 towards	 a	 specific	 lineage,	 it	 is	 of	 vital	 importance	 to	 know	how	 to	
24
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manipulate	 these	 cells	 in	 a	 predictable	 and	 reproducible	manner.	 Over	 the	 years,	many	
















mechanism	 in	 all	metazoans104.	 In	mammalians,	Wnt	 ligands	 play	 key	 roles	 in	 numerous	








signals	 through	 at	 least	 three	 different	 pathways,	 including	 the	 ‘canonical’	 b-catenin	

























Wnt proteins: production and secretion
In	mammalian	 genomes,	 including	 the	 human	 genome,	 there	 are	 19	Wnt	 genes,	 which	
encode	 for	 cysteine-rich	 proteins	 of	 approximately	 350-400	 amino	 acids.	 These	 proteins	
bear	an	N-terminal	signal	peptide,	that	targets	them	to	the	endoplasmic	reticulum	(ER)104.	
Although	Wnt	proteins	were	discovered	more	 than	 three	decades	ago	and	are	 secreted,	
difficulties	 in	 efficient	 purification	 of	 Wnts	 have	 precluded	 their	 thorough	 biochemical	
































characterization	 and	 use	 for	 in vitro	 studies.	 Whereas	 early	 studies	 predicted	 a	 highly	
soluble	nature	for	Wnt	proteins	which	contain	several	highly	charged	amino-acids	and	many	
potential	 glycosylation	 sites,	 initial	 attempts	 to	 purify	 the	 founding	Wnt	 protein,	Wnt1,	
has	revealed	its	poor	solubility	and	high	association	with	the	cell	surface	and	extracellular	
matrix112.	Nevertheless,	some	other	Wnts	such	as	Wg	and	mouse	Wnt3a	have	proved	to	be	
relatively	more	 soluble113,114.	 Thus,	 biologically	 active	Wg	 and	Wnt3a	 could	 be	 harvested	
in	 the	 form	 of	 conditioned-media	 from	 the	 specific	 cell-lines	 overexpressing	 them.	 The	






During	 their	 journey	 from	the	ER	 to	 the	extracellular	environment,	Wnt	proteins	 (except	
Drosophila WntD116)	associate	with	several	enzymes	and	undergo	several	post-translational	
modifications,	 including	 N-glycosylations	 and	 lipidations	 (Figure	 6A).	 The	 numbers	 of	
glycosylations	appear	to	differ	among	Wnt	proteins.	For	example,	while	mouse	Wnt1	carries	

























Solubility and purification of Wnt proteins 
The	 lipid	modifications	of	Wnts	are	necessary	 for	 their	 intracellular	 trafficking	as	well	 as	
for	their	activity	upon	secretion.	Structural	analysis	of	the	Xenopus	Wnt8	protein	as	bound	




the	 Fz	 receptors130.	 However,	 the	 questions	 of	 how	 such	 hydrophobic	molecules,	 which	
tend	 to	 tightly	 associate	 with	 membranes,	 move	 in	 the	 extracellular	 environment	 and	
are	 conveyed	 to	 their	 targets	 remains	 elusive.	 Several	mechanisms	 have	 been	proposed	
that	may	act	 together	 to	mediate	Wnt	solubility	 in	 the	extracellular	environment	 (Figure	








































HSPG Exosome Lipoprotein 
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suggesting	 that	 these	 carriers	 can	work	 together	 in	Wnt	 distribution	 in	 the	 extracellular	
environment	(Figure	6B)137.	
During	 purification	 of	 Wnt	 proteins,	 in vivo	 carriers	 that	 maintain	 Wnt	 in	 an	 active	
confirmation	may	be	lost	and	might	be	partially	replaced	by	CHAPS	detergent	micelles138.	
Upon	dilution	in	cell-culture	media,	these	micelles	are	dissolved	and	purified	Wnt	proteins	
tend	 to	aggregate	unless	 stabilized	by	 serum115,138–140.	 It	has	been	demonstrated	 that	 the	
addition	of	HSPGs	could	maintain	the	solubility	and	activity	of	purified	Wnt3a	in	the	absence	
of serum138.	 Besides	 this,	 association	 with	 liposomes,	 which	 are	 spherical	 nanovesicles	
composed	 of	 phospholipid	 layer(s),	 also	 promote	 the	 solubility	 and	 activity	 of	 purified	
Wnt3a	protein141,142.	
Given	the	importance	of	Wnt	signals	for	a	number	of	cellular	processes	including	regulation	
of	 stem-cell	 fate	 in vitro,	 the	 engineering	 of	 purified	 Wnt	 molecules	 with	 hydrophobic	
carriers	such	as	liposomes,	to	achieve	high	level	of	stable	Wnt	activity	in	serum-free	culture	
conditions,	bears	significant	potential	for	practical	use.	









active	 form	 of	 b-catenin	 or	 by	 purified	Wnt3a	 protein	 induced	 expansion	 of	 apoptosis-
resistant,	 transgenic	mouse	HSPC	ex vivo115,147.	The	 importance	of	Wnts	 in	hematopoiesis	
has	 been	 heightened	 by	 studies	 showing	 defective	 fetal	 liver	 and	 bone	 marrow	 HSC	
self-renewal	 in	mouse	models	 carrying	a	null	 allele	of	Wnt3a	or	overexpressing	 the	Wnt	
receptor	antagonist	Dickkopf1148,149.	However,	using	mouse	models	in	which	continuous	Wnt	
activation	was	achieved	via	inducible	stabilization	of	b-catenin,	two	other	studies	reported	






















increases	 apoptosis	 of	 HSPC,	 which	 might	 require	 survival	 signals	 for	 maintenance/
expansion154,155.	 Moreover,	 it	 has	 been	 reported	 that	 the	 activation	 of	 Wnt	 pathway	 in	










of	 intestinal	 crypts	 in	 neonatal	 mice157.	 Expression	 of	 the	 Wnt	 inhibitor	 Dickkopf1158 
in	 adult	 mice	 resulted	 in	 loss	 of	 crypts.	 The	 same	 phenotype	 was	 also	 observed	 upon	
conditional	 deletions	 of	b-catenin159 or TCF4160	 underlying	 the	Wnt-dependence	 of	 adult	
crypt	homeostasis.	Given	 the	 importance	of	Wnt	signaling	 in	crypt	proliferation,	 it	 is	not	
surprising	 that	 aberrant	 activation	 of	 the	Wnt	 pathway	 is	 frequently	 observed	 in	 colon	
cancers.	Comparative	analysis	of	colon	cancer	lines	and	normal	colonic	epithelium	revealed	
that	most	Wnt	regulated	genes	are	expressed	throughout	the	crypt71,	fitting	the	role	of	Wnts	















factors,	such	as	Wnt3,	EGF	and	Notch	 ligands,	 remarkably	similar	 to	 the	mini-gut	culture	
system.	Supporting	the	notion	of	Paneth	cells	as	niche	components,	Wnt3	mutant	Paneth	
cells	 fail	 to	 support	 organoid	 growth,	which	 could	 be	 rescued	 by	 addition	 of	 exogenous	
Wnt167.	
Another	 example	 for	 the	 importance	 of	 proper	 signals	 or	 niche	 components	 for	 in vitro 
culture	of	stem	cells	came	from	the	mouse	colon.	The	normal	mouse	colon	epithelium	which	











Wnt signaling in liver stem/progenitor cells and organoids
Whereas	the	factors	that	maintain	stem	cells	 in	the	intestine	are	extensively	studied,	the	
niche	 that	 provides	 essential	 cues	 for	 facultative	 liver	 stem/	 progenitor	 cells	 is	 less	well	
defined.	Nonetheless,	the	injury-induced	appearance	of	Lgr5+	LSPCs	in	liver	has	indicated	
that	 Wnt	 signaling	 constitute	 a	 core	 signaling	 pathway	 involved	 in	 stimulation	 of	 a	
regenerative	response11.
Upon	chronic	liver	damage,	myofibroblasts	and	macrophages	have	been	shown	to	surround	








11,	 as	well	 as	 in	 chronically	damaged	human	 livers173.	 	Moreover,	 the	
establishment	of	liver	organoid	cultures	bearing	the	bipotential	LSPCs	requires	activation	of	
Wnt	signaling	by	Wnt3a	and	R-spondin	both	in	mice	and	humans11,98.	
LIVER ORGANOIDS FOR STEM CELL BASED THERAPIES 
For	 end-stage	 liver	diseases	 as	well	 as	 for	 certain	 liver-based	metabolic	 disorders,	 organ	
transplantation	 forms	 the	 only	 curative	 therapy174.	 However,	 currently	 liver	 organ	
transplantations	cannot	satisfy	the	demands	due	to	the	low	number	of	available	donors174.	
This	prompted	scientists	to	investigate	cell	therapy	as	an	alternative	treatment	for	restoration	
of	deficient	 liver	 functions	 in	patients.	Several	studies	 in	animal	models	and	people	with	





For	widespread	applications	of	 liver	 cell	 therapy,	 it	 is	 important	 to	have	high	number	of	
suitable	 liver	 cells.	 However,	 hepatocytes	 have	 proved	 to	 be	 difficult	 to	 culture,	 despite	
their	 remarkable	proliferation	 capacity	 in vivo176.	With	 respect	 to	 the	utility	of	 liver	 cells	
for	 therapeutic	purposes	 including	 transplantations,	 the	establishment	of	 long-term	 liver	
organoid	 cultures	 from	 adult	 human	 liver	 has	 been	 a	major	 step98.	 Owing	 to	 their	 high	
expandability,	genetic	stability	and	bipotentiality,	liver	stem	cells	in	human	organoids	offer	
a	 safe	 source	 of	 liver	 cells	 for	 transplantation	 and	 subsequent	 treatment	 of	 a	 variety	 of	
diseases.	Additionally,	it	is	noteworthy	that	targeted	genetic	manipulation	of	liver	stem	cells	







Lysosomal storage diseases (LSDs): Hurler disease
With	 their	 content	of	more	 than	40	hydrolytic	enzymes,	 lysosomes	constitute	 the	major	
site	 of	 digestion	 in	 a	 cell179.	 Therefore,	mutations	 in	 genes	 that	 encode	 these	 hydrolytic	
enzymes	or	lysosomal	membrane	or	accessory	proteins	lead	to	a	blockage	in	degradation	
of	macromolecular	substrates180.	The	progressive	accumulation	of	undigested	metabolites	
results	 in	 cellular	 and	 tissue	 damage	 with	 subsequent	 multiorgan	 dysfunctions	 and,	






Mucopolysaccharidosis	 type	 I	 (MPS-I),	which	 is	 caused	 by	 an	 inherited	 deficiency	 in	 the	
enzyme	α-L-iduronidase	 (IDUA),	 constitutes	 one	 of	 the	most	 frequent	 LSDs182.	 The	most	
severe	form	of	MPS	I,	known	as	Hurler	syndrome,	occurs	mainly	due	to	a	homozygous	or	
a	 compound	 heterozygous	 nonsense	mutation	 in	 the	 IDUA	 gene183.	 Deficiencies	 in	 IDUA	
enzyme	result	 in	defects	 in	the	degradation	of	 its	substrates,	glycosaminoglycans	(GAGs).	
The	 accumulation	 of	 GAGs	 causes	 a	 variety	 of	 pathological	 processes	 in	 the	 skeletal,	
cardiac,	digestive,	respiratory,	and	central	nervous	systems183.	Hurler	disease	manifestations	




Treatment modalities for Hurler disease 
The	 current	 and	potential	 therapies	 of	Hurler	 disease,	 and	other	 LSDs,	which	occur	 due	
to	 soluble	 enzyme	 deficiencies,	 are	 based	 on	 normal	 lysosomal	 enzyme	 trafficking	 and	
a	 phenomenon	 referred	 to	 as	 cross-correction.	 Newly	 synthesized	 hydrolytic	 enzyme	
precursors,	 including	 IDUA,	 are	 glycosylated	 in	 the	 ER	 and	 phosphorylated	 in	 the	 Golgi	
where	 they	 are	 recognized	 by	 their	 specific	 glycoprotein	 receptors	 and	 trafficked	 into	
lysosomes184,185.	A	small	percentage	of	enzyme	precursors	escape	from	this	route	and	are	




















gene	 defect,	 the	 correction	 of	 the	 gene	 can	 be	 relatively	 straightforward.	 Besides	 this,	
overexpression	of	 lysosomal	 enzymes	 appears	 to	be	well	 tolerated184,186	 and	even	5-10%	
of	normal	enzyme	levels	might	be	therapeutic.	Moreover,	several	studies	 in	mice	models	
have	suggested	that	HSC	transplantation	could	be	more	successful	when	coupled	to	gene	




Given	 the	 fact	 that	 the	 liver	serves	as	a	good	depot	organ	 for	secretion	of	enzymes,	 the	
recently	established	adult	 liver	organoids	can	be	tested	as	a	stem	cell	 source	 for	genetic	
modifications,	as	an	alternative	to	ex vivo	gene	therapy	directed	to	the	HSCs.	Exploitation	
of	 this	 approach	might	 offer	 an	 additional	 therapy	modality	which	 could	 provide	Hurler	
patients	with	a	safe	and	long-lasting	source	of	IDUA	enzyme.		
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Lipid-mediated stabilization of WNT ligands 
removes dual impediment to serum-free 





















Wnt3a reduces the number of mouse 
hematopoietic stem and progenitor cells


















hematopoietic	 stem	 and	 progenitor	 cell	 (HSPC)	 fate	 decisions	 between	 self-renewal	 and	
differentiation.	 However	 the	 role	 of	 Wnt	 proteins	 in	 ex vivo culture	 of	 HSPC	 remains	
controversial.	Here,	we	show	that	while	Wnt	signals	have	no	apparent	effect	on	the	number	
and	functionality	of	mouse	Lin-,	Sca1-,	and	c-Kit+	 (LSK)	cells	 in	stroma-supported	cultures,	
it	 leads	 to	a	 reduction	 in	 the	number	of	 these	cells	 in	a	 stroma-free,	 serum-free	culture	
system.	The	same	negative	effect	on	the	number	of	LSK,	CD48-,	CD150+,	CD34low	cells	was	




that	 the	 loss	was	not	due	 to	apoptosis.	These	data	suggest	 that	Wnt	signals	 impede	the	
maintenance	of	HSPC	in	stroma-	and	serum-free	cultures.	
 





stem	 cells	 in	 a	 diversity	 of	mammalian	 tissues,	 including	 intestines,	 skin	 and	mammary	
gland2.	They	also	provide	critical	cues	for	maintenance	or	expansion	of	stem	cells	in	cultures	
of	a	variety	of	adult	stem	cells	both	from	mouse	and	human3–8.	Several	signal	transduction	
cascades	 may	 be	 induced	 upon	 binding	 of	 Wnt	 ligands	 to	 their	 receptors9,	 the	 best-
characterized	one	being	the	canonical	or	b-catenin	pathway.	In	this	pathway,	b-catenin	is	
phosphorylated	by	glycogen	synthase	kinase-3b	 (GSK-3b)	 to	be	targeted	 for	proteasomal	
degradation.	Upon	binding	 of	 a	Wnt	 protein	 to	 the	 Frizzled	 (Fz)	 family	 of	 receptors	 and	
to	 low-density	 lipoprotein	 receptor-related	 protein	 5	 (LRP5)	 or	 LRP6	 co-receptors,	 the	
phosphorylation	of b-catenin	is	inhibited.	Stabilized b-catenin	translocates	into	the	nucleus	
where	it	interacts	with	TCF/LEF	transcription	factors	to	activate	targeted	gene	expression10.	





Wnt	 signaling	 increased	 self-renewal	 capacity	 of	 apoptosis-resistant,	 transgenic	 HSPC	 ex 
vivo13,14.	However,	mouse	models	with	constitutively	activated	Wnt	 signalling	displayed	a	
multilineage	differentiation	block	and	loss	of	HSCs15,16,	and		later	studies	using	purified	Wnt	
proteins in ex vivo	cultures	of	normal	mouse	HSPC	reported	controversial	outcomes.	In	one	
study,	Wnt5a	was	suggested	to	improve	repopulation	capacity	of	mouse	HSPC	by	inhibiting	
canonical	 Wnt	 pathway	 induced	 by	Wnt3a	 protein17,	 while	 in	 another	 it	 was	 shown	 to	
impede	maintenance	of	HSPC18.	Recently,	we	showed	that	purified	Wnt3a	protein-mediated	
activation	 of	 canonical	Wnt	 signaling	 reduces	 expansion	 of	 human	 umbilical	 cord	 blood	
(UCB)-derived	HSPC	by	 inducing	their	differentiation19.	Several	other	studies	showed	that	




free	 cell	 culture	 media22,	 losing	 its	 activity	 within	 several	 hours19,22.	 This	 complicates	
the	 interpretation	 of	 the	 results	 obtained	 for	 the	 role	 of	 Wnt	 signals	 on	 ex	 vivo	 HSPC	
proliferation.	Thus,	addition	of	Wnt3a	protein	to	cell	cultures	would	result	in	intermittent	
rather	than	continuous	activation	of	the	pathway,	which	may	be	insufficient	to	inhibit	HSPC	





C57BL/6	and	TRE-BCL2	mice	used	 in	 this	 study	were	bred	and	maintained	 in	 the	animal	










µg/ml	doxycycline	overnight	 to	 induce	 recombination,	and	 the	cells	 selected	on	250	μg/
mL	of	G418,	as	previously	described24.	The	cells	were	 then	used	 for	blastocyst	 injections	
into	 C57Bl/6	 blastocysts.	 Chimeras	 were	 mated	 against	 C57Bl/6	 mice	 and	 readily	 gave	







Isolation of LSK and LSK CD48- cells
For	 LSK	 or	 LSK	 CD48-	 cells	 isolation,	 femurs	 and	 tibias	 from	 mice	 were	 removed,	 BM	
flushed,	and	mononuclear	cells	were	isolated	by	Lymphoprep™	according	to	manufacturer’s	
instructions	 (Stem	Cell	Technologies,	Grenoble,	France).	Lineage-positive	 (Lin+)	 cells	were	
depleted	by	magnetic	cell	sorting	(MACS)	with	the	use	of	a	lineage	cell	depletion	kit	according	
to	manufacturer’s	instructions	(Miltenyi	Biotech,	GmBH,	Bergisch	Gladbach,	Germany).	Lin	
depleted	 cells	were	 further	 stained	with	 a	 Lin-PE	 cocktail	 (anti-CD3e-PE,	 anti-CD45R-PE,	
anti-CD11b-PE,	anti-Gr1-PE,	and	anti-Ter119-PE)	as	well	as	with	anti-c-Kit-APC	and	anti-Sca-




For	 sorting	 LSK	 CD48-	 population,	 cells	 were	 stained	 with	 Lin-PE	 cocktail,	 anti-CD48-PE	
(BD	 Pharmingen,	Heidelberg,	 Germany)	 anti-c-Kit-APC-Cy7	 (eBioscience,	 Vienna,	 Austria)	
and	 anti-Sca-1-PE-Cy7.	 For	 further	 analysis	 of	 the	 starting	 population,	 these	 cells	 were	
also	 stained	with	 CD34-FITC	 (BD	 Pharmingen,	 Heidelberg,	 Germany),	 and/or	 CD150-APC	
(Biolegend,	London,	UK)	where	indicated.	
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Hematopoietic	 colony	 types	 (erythroid-burst-forming	 unit	 (BFU-E),	 colony-forming	 unit-
granulocyte	 (CFU-G),	 colony-forming	 unit-macrophage	 (CFU-M),	 colony-forming	 unit-





(SFEM,	 Stemcell	 Technologies,	 Grenoble,	 France)	 supplemented	 with	 1%	 penicillin/
streptomycin	(Sigma,	St	Louis,	MO,	USA),	10	μg/ml	low	molecular	weight	heparin	(Abbott,	
Wiesbaden,	Germany),	 SCF	 (10	 ng/ml,	 Biovision,	Milpitas,	 CA,	USA)	 and	 TPO	 (20	 ng/ml,	
Cell	 Sciences,	 Canton,	MA,	 USA).	 Cells	 were	 cultured	 in	 a	 volume	 of	 200	 µl	medium	 in	
a	U-bottom	96-well	plate	at	a	 range	of	3000-30.000	cells/ml	at	37	 °C	 in	5%	CO2.	Where	






FACS analysis of cultures




were	determined	by	a	 single	platform	flow	cytometric	 analysis,	using	 the	 same	panel	of	
monoclonal	 antibodies	 that	was	 used	 for	 sorting	 and	 a	 calibrated	 number	 of	 Cyto-Cal™	
Control	Count	counting	microspheres	(Thermo	Scientific,	Waltham,	MA,	USA).
For	apoptosis	analysis,	cells	were	simultaneously	stained	with	anti-Annexin	V-APC	in	binding	
buffer	 (BD	 Biosciences,	 San	 Jose,	 CA,	 USA)	 in	 PBS	 containing	 10%	 FCS.	 Flow	 cytometric	
analysis	was	performed	using	a	BD	FACSFortessa™	(BD	Biosciences,	San	Jose,	CA,	USA)	and	
data	was	analyzed	using	FlowJo	software	(Tree	Star	Inc,	Ashland,	OR,	USA).	
Purification of Wnt3a protein and preparation of liposomal Wnt3a
Mouse	Wnt3a	was	purified	 from	Wnt3a-conditioned	medium,	 collected	 from Drosophila 
S2	 cells,	 using	 Blue	 Sepharose	 affinity	 and	 gel	 filtration	 chromatography	 as	 described	
previously14.	
Liposomes	 containing	 DMPC	 (1,2-dimyristoyl-sn-glycero-3-phosphocholine),	 DMPG	
Chapter 3
70








Mouse	 LSL	 cells,	 which	 express	 luciferase	 in	 response	 to	 TCF	 promoter	 binding26,	 were	
routinely	 cultured	at	 37oC	and	5%	CO2	 in	 culture	medium	containing	DMEM	 (Invitrogen,	






















Effect of exogenous and endogenous Wnt signals in stroma-supported LSK cultures





































results	 suggest	 that	neither	exogenous	Wnt3a	activity	nor	 inhibition	of	endogenous	Wnt	
proteins	plays	a	role	in	maintenance	of	LSK	cells	in	co-culture	with	UG26-1B6	stromal	cells.	








































































































































































































free	cultures	and	that	 this	 is	a	consequence	of	 the	binding	of	Wnt3a	to	 its	 receptor	and	
subsequent	acti	vati	on	of	the	canonical	Wnt	pathway.
Recent	data	 indicates	 that	stability	of	purifi	ed	Wnt	proteins	depends	on	 the	presence	of	
detergent	or	 serum22,	 implying	 that	 its	 acti	vity	may	be	 rapidly	 lost	 in	 serum-free	 culture	











































































































































































































 Figure 2. Purifi ed Wnt3a protein reduces the 
number of LSK cells in stroma-free, serum-free 
cultures
FACS-sorted	 LSK	 cells	 were	 cultured	 in	 serum-
free	 medium	 containing	 SCF	 and	 TPO,	 with	
treatment	 of	 purifi	ed	 Wnt3a	 (1	 µg/ml),	
CHIR99021	 or	 Wnt-antagonist	 Fz8CRD.	 Aft	er	
10	days,	the	cells	were	harvested	and	analysed	
by	 FACS.	 (A-B)	 Fold	 change	 of	 total	 the	 total	
nucleated	 cells	 (A)	 and	 Lin-	 cells	 (B)	 relati	ve	 to	
input.	 (C)	 Analysis	 of	 Lin-	 populati	on	 for	 c-kit	
and	 Sca-1	markers.	 Percentages	 of	 c-kit+Sca-1+ 
cells	 among	 Lin-	 populati	on	 (gated	 region)	 are	
shown.	(D)	Fold	change	of	LSK	relati	ve	to	input	
is	plott	ed.	(E)	The	frequency	of	Lin+	cells	within	





We	 recently	 showed	 that	 association	 with	 lipid	 vesicles	 prolongs	 the	 stability	 of	 Wnt	





























se Purified Wnt3a (+serum) 
Purified Wnt3a (- serum)

































































































































































































Figure 3. Stable Wnt activity by liposomal Wnt3a reduces the number of primitive LSK cells in vitro 
(A)	Quantification	of	Wnt	 activity	 retained	 after	 incubation	 for	 0,	 8,	 24,	 48	 and	72	hours	 at	 37°C	 in	 cell	
culture	media	with	or	without	serum.	Activity	plot	displays	average	 increase	of	 luminescence	relative	to	
background.	Purified	Wnt3a	was	added	at	250	ng/ml	(Error	bars	 indicate	S.E.M.,	n=6).	 (B)	Quantification	
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Wnt3a signaling does not induce apoptosis in short-term cultures 
Previous	studies	suggest	that	Wnt	signals	may	induce	apoptosis	in	HSPC,	and	that	combined	









































































































































































































Inhibition of apoptosis does not rescue Wnt3a-induced loss of LSK cells 




The	 reverse	 tetracycline	 transactivator	was	constitutively	expressed	 from	the	Rosa	 locus.	
Thus,	the	cells	could	be	induced	to	express	BCL2	upon	treatment	with	doxycycline,	inhibiting	
the	 induction	of	apoptosis.	Transgenic	mice	were	generated	using	blastocyst	 injection	of	











only	condition	 (Figure	5B,	p<0.05).	Likewise,	 the	expansion	of	LSK	CD48-	 cells	and	of	LSK	











due	 to	 its	very	short	half-life	 in	 these	conditions,	and	developed	a	 lipid-stabilized	Wnt3a	
formulation	able	to	provide	a	sustained	Wnt	signal.	However,	lipid-stabilized	Wnt3a	protein	








HSPC	 in	 stroma-free	 serum-free	 culture	but	 instead	 induce	 loss	 of	 these	 cells.	 Since	 the	
loss	was	not	mediated	by	apoptosis,	the	most	likely	explanation	would	be	that	Wnt	signals	
induce	differentiation	of	the	cells.	
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A	 number	 of	 studies	 indicate	 an	 important	 role	 for	 Wnt	 ligands	 in	 the	 maintenance/
expansion	 of	 HSC	 in vitro13,14,27.	 For	 instance,	 addition	 of	 anti-Wnt5a	 antibodies	 to	
inhibited	 the	 repopulation	 capacity	 of	HSCs,	 suggesting	 that	Wnt5a	 protein	 is	 necessary	

















the	absence	of	 serum22.	We	show	here	 that	 lipid-stabilized	Wnt3a	protein,	which	 retains	










































































































































LSK CD48- CD150+ CD34low 
Figure 5. The negative effect of Wnt 
signals on LSK cell number is not 
reversed by BCL2 overexpression
(A)	Western	blotting	for	FLAG	protein	
in Lin-	cells	cultured	for	one	day	with	
doxycyline	 treatment.	 (B-D)	 LSK	
CD48-	cells	from	TRE-BCL2	mice	were	
cultured	with	and	without	 liposomal	
Wnt3a	 and	 doxycyline	 treatment	
for	 10	 days.	 The	 graphs	 display	 fold	
change	 of	 the	 total	 nucleated	 cells	
(B),	 LSK	 CD48-	 (C)	 and	 LSK	 CD48-
CD150+CD34low	 cells	 (D)	 normalized	
to	 control.	 (Error	 bars	 indicate	 S.D.)	
(n=3).	 Statistical	 significance	 was	











rescue	 the	negative	 impact	of	Wnt	 signals	on	HSPC.	Although	 the	different	outcomes	of	
our	studies	and	the	ones	indicating	increased	numbers	of	HSPC	upon	Wnt3a	treatment13,14 
might	 still	 be	attributed	 to	 the	differences	 in	 the	 culture	 systems,	 the	 latter	 studies	 lack	
direct	 comparisons	 to	 control	 conditions:	while	HSCs	 cultured	with	Wnt3a	 protein	were	
shown	to	repopulate	recipient	mice,	the	repopulation	efficiency	in	the	absence	of	Wnt3a	
protein	was	not	reported.	


















capacity	 of	 HSCs	 in	 APC	mutant	mice	with	 a	 low	 level	 of	Wnt	 signaling	 activation33,	 the	
observed	effect	might	be	due	to	enhanced	motility	or	homing	capacity	of	APC	mutant	HSCs	
rather	than	a	result	of	their	proliferation,	which	was	indeed	not	demonstrated.	
Collectively,	 this	 study	 shows	 that	Wnt	 signaling	 induced	 by	Wnt3a	 protein	 reduces	 the	
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Wnt3a Protein Reduces Growth 
Factor-Driven Expansion of Human 

















to	 improve	 insufficient	 engraftment	 after	 umbilical	 cord	 blood	 stem	 cell	 transplantation	
(UCB-SCT).	 Although	 culturing	 HSPC	 with	 hematopoietic	 cytokines	 results	 in	 robust	
proliferation,	 it	 is	 accompanied	 with	 extensive	 differentiation	 and	 loss	 of	 self-renewal	
capacity.	Wnt	signaling	has	been	 implicated	 in	regulating	HSPC	fate	decisions	 in vivo	and	
in	promoting	HSPC	self-renewal	by	inhibition	of	differentiation,	but	the	effects	of	Wnt	on	
the	 ex	 vivo	 expansion	 of	 HSPC	 are	 controversial.	 Here,	we	 demonstrate	 that	 exogenous	
Wnt3a	protein	suppresses	rather	than	promotes	the	expansion	of	UCB-derived	CD34+	cells	





that	Wnt	 signaling	 reduces	expansion	of	human	HSPC	 in	growth	 factor-driven	expansion	
cultures	by	promoting	differentiation	of	HSPC.	




Allogeneic	hematopoietic	stem	cell	 transplantation	 is	an	 important	part	of	 treatment	 for	
patients	 suffering	 from	 hematological	 disorders,	 including	 leukemia,	 myelodysplastic	
syndromes,	and	aplastic	anemia.	However,	many	patients	lack	a	suitable	sibling	or	human	
leucocyte	 antigen	 (HLA)	 matched	 unrelated	 donor.	 Because	 of	 its	 rapid	 availability	 and	
less	 stringent	matching	 criteria1,	 umbilical	 cord	 blood	 (UCB)	 is	 an	 important	 alternative	
source	 for	hematopoietic	 stem	and	progenitor	 cells	 (HSPC).	However,	UCB-derived	HSPC	
significantly	 differ	 from	bone	marrow-	 and	 peripheral	 blood-derived	HSPC	quantitatively	
and	qualitatively.	UCB	grafts	contain	a	relatively	low	number	of	HSPC	which	are	relatively	
more	primitive,	resulting	in	impaired	engraftment	and	a	delayed	hematopoietic	recovery1-5,	
during	which	patients	are	at	 increased	 risk	 for	 severe	 complications,	 including	 infections	
and	bleeding.	 Several	approaches	have	been	pursued	 to	 improve	engraftment	after	UCB	
transplantation,	including	the	ex vivo expansion	of	HSPC.
HSC	 are	 defined	 by	 their	 self-renewal	 capacity	 and	 the	 ability	 to	 generate	 all	 different	
hematopoietic	 lineages.	 Although	 in vivo studies	 demonstrated	 that	 HSPC	 expand	 after	
transplantation6,	 robust	 ex vivo	 expansion	 of	 long-term	 repopulating	 HSC	 remains	 a	
challenge.	Culturing	HSPC	with	different	combinations	of	hematopoietic	cytokines	such	as	
stem	cell	 factor	 (SCF),	Fms-related	tyrosine	kinase	3	 ligand	 (Flt3L),	 thrombopoietin	 (TPO)	
and	 granulocyte-macrophage	 colony-stimulating	 factor	 (GM–CSF)	 resulted	 in	 massive	
expansion	of	 committed	HPC	which	 is	 accompanied	by	a	 loss	or	 at	best	maintenance	of	
primitive	 HSC	 with	 long-term	 repopulation	 ability7-11.	 Additional	 signals	 are	 needed	 to	
support	 	the	expansion	of	primitive	HSC	in	ex vivo	culture	systems.	Several	novel	factors,	





















In	 this	 study	 we	 investigate	 the	 effect	 of	 Wnt	 signals	 on	 growth	 factor-driven	 ex	 vivo	





Cord blood processing, CD34+ cell selection and HSC sorting
Umbilical	 cord	 blood	was	 collected	 in	 several	 hospitals	 using	 Stemcare/CB	 collect	 blood	
bag	system	 (Fresenius	Kabi	Norge	AS)	 containing	citrate	phosphate	dextrose	 (CPD)	as	an	
anticoagulant.	Approval	 for	 collection	was	obtained	 from	 the	Medical	Ethical	Committee	
of	the	Erasmus	University	Medical	Centre	(MEC-2009-410)	and	written	 informed	consent	
from	the	mother	was	obtained	prior	to	donation	of	the	cord	blood.	Within	48	hours	after	
collection,	 mononuclear	 cells	 were	 isolated	 using	 ficoll	 (Lymphoprep,	 Fresenius	 Kabi	
Norge	 AS).	 CD34+	 cells	 were	 isolated	 with	 double	 positive	 immunomagnetic	 selection	
using	 Magnetic	 Activated	 Cell	 Sorting	 (MACS)	 technology	 according	 instructions	 of	 the	










or	 StemSpan	 Serum-Free	 Expansion	 Medium	 (SFEM,	 Stemcell	 Technologies,	 Grenoble,	
France)	supplemented	with	20	μg/ml	 low	molecular	weight	heparin	(Abbott,	Wiesbaden,	
Germany)	and	the	early	acting	growth	factors	SCF	(50	ng/ml,	Cellgenix,	Freiburg,	Germany),	










Purification of Wnt3a and preparation of liposomal Wnt3a
Wnt3a-conditioned	medium	was	 collected	 from	Drosophila	 S2	 cells	 grown	 in	 suspension	
culture.	 Wnt3a	 was	 further	 purified	 using	 Blue	 Sepharose	 affinity	 and	 gel	 filtration	
chromatography	 as	 described24.	 Liposomes	 containing	 DMPC	 (1,2-dimyristoyl-sn-glycero-
3-phosphocholine),	DMPG	(1,2-dimyristoyl-sn-glycero-3-phospho-rac-glycerol)	(both	Lipoid	
AG)	 and	 Cholesterol	 (Sigma-Aldrich,	 St	 Louis,	 MO,	 USA)	 at	 a	 10:1:10	 molar	 ratio	 were	
prepared	by	extrusion	method. Purified	Wnt3a	was	mixed	with	liposomes	at	a	1:7.5	ratio	
to	achieve	a	total	concentration	of	7-10	µg/ml	of	Wnt3a.	After	mixing,	the	Wnt	liposomes	









Mouse	 LSL	 cells,	 which	 express	 luciferase	 in	 response	 to	 TCF	 promoter	 binding,	 were	
routinely	cultured	at	37	°C	and	5%	CO2	in	culture	medium	composed	of	DMEM	(Invitrogen,	













cells.	 Absolute	 numbers	 of	 DAPI-Lin-CD34+CD38lowCD45RAlowCD90+-cells	 were	 determined	
by	multiplying	the	absolute	number	of	CD34+	cells	obtained	in	the	single	platform	analysis	




Transplantation of human hematopoietic cells into NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ 
(NSG) mice
This	 study	 was	 carried	 out	 in	 accordance	 to	 the	 Dutch	 law	 on	 Animal	 Welfare	 and	
Experiments.	 The	 protocol	 was	 approved	 by	 the	 Committee	 on	 the	 Ethics	 of	 Animal	
Experiments	 of	 the	 Erasmus	 University	 Medical	 Centre	 Rotterdam,	 The	 Netherlands.	
Intrabone	transplantations	were	performed	under	isoflurane	anesthesia.		All	animals	were	
housed	in	groups	in	individually	ventilated	cages.	Food	and	water	were	available	ad	libitum. 
NSG	 mice	 were	 sublethally	 irradiated	 (3	 Gy)	 and	 subsequently	 transplanted	 with	 the	
progeny	generated	 from	1,00E+05	UCB-derived	CD34+	 cells	 cultured	 in	our	 SFT	medium,	
with	 or	 without	 the	 addition	 of	 250	 ng/ml	 Wnt3a	 for	 7	 days.	 Each	 group	 contained	 5	









Wnt3a reduces growth factor-driven expansion of UCB derived CD34+ cells 
To	 assess	whether	Wnt	 signals	 affect	 expansion	 of	 human	HSPC	 in	 culture,	UCB-derived	
CD34+	 cells	were	 cultured	 in	 serum-free	medium	supplemented	with	 SCF,	 Flt3L	 and	TPO	
(SFT	medium)	with	or	without	purified	Wnt3a	protein.	After	14	days,	no	significant	change	





after	 14	 days	 of	 culture	 in	 the	 presence	 of	Wnt3a	 protein	 compared	with	 SFT	medium	
only	 (Figure	1E,	p<0.05).	Next,	we	assessed	 the	 functionality	of	 the	 cultured	CD34+	 cells	
by	performing	 	 colony	 forming	unit	 (CFU)	 assays.	 The	presence	of	Wnt3a	during	 culture	
reduced	the	frequency	of		multi-lineage	CFU-GEMM	(granulocyte,	erythrocyte,	monocyte,	








ml	Wnt3a	protein	resulted	 in	a	decline	of	 total	cell	number	 (not	shown)	and	a	complete	




transplantation).	 	 However,	 the	 kinetics	 of	 human	 chimerism	development	 in	 peripheral	
blood	appeared	delayed	when	cells	were	cultured	 in	the	presence	of	Wnt3a	(Figure	1H).	
Lower	 levels	 of	 human	 chimerism	 were	 also	 observed	 in	 the	 bone	marrow	 of	 mice	 17	
weeks	 after	 transplantation	of	 cells	 cultured	 in	 the	presence	of	Wnt3a	 (Figure	1I,	 36.9%	
versus	10.1%	respectively,	p<0.05).	This	indicates	that	Wnt3a	protein	reduces	the	long-term	
repopulation	ability	of	cultured	CD34+	cells.	




on	HSC	may	 be	 obscured	 by	 a	 differentiation-inducing	 effect	 on	 the	 large	 population	 of	
committed	progenitor	cells	in	culture.	To	study	the	effects	of	Wnt3a	on	the	most	immature	
HSC	 subset,	 we	 expanded	 Lin-CD34+CD38low	 CD45RAlowCD90+-cells,	 highly	 enriched	 for	
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cultured	for	7	days	in	SFT	or	SFT+Wnt3a	medium	(n=5	mice	per	group).		 * p<0.05, ** p<0.01, *** p<0.001





































































































































































































































































































































Prolongation of Wnt3a activity does not result in increased expansion of CD34+ cells
Purified	Wnt3a	 has	 been	 shown	 to	 have	 a	 half-life	 that	 is	 considerably	 shorter	 than	 24	





leading	 to	an	overall	 reduction	of	HSPC.	The	stability	of	Wnt3a	protein	can	be	 increased	
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by	association	with	 liposomes33,	34,	 and	we	 therefore	 tested	whether	 such	 stabilized	Wnt	
ligands	were	able	to	prevent	the	decline	in	HSPC	that	we	observed	in	response	to	regular	
Wnt3a	protein.	We	compared	the	stability	of	purified	Wnt3a	protein	and	of	Wnt3a	protein	






















































Figure 3. Liposomal Wnt3a reduces expansion of CD34+ cells. 
(A)	Purified	Wnt3a	and	liposomal	Wnt3a	were	incubated	for	0,	8,	and	24	hours	at	37oC	in	cell	culture	media,	
and	 transferred	 to	LSL	cells.	Remaining	Wnt	activity	was	assayed	by	 luminescence	measurements.	Activ-
ity	plot	displays	average	increase	of	luminescence	over	incubation	time	relative	to	background	(n=10).	(B)	
CD34+	cell	expansion	in	SFT	medium	with	or	without	liposomal	Wnt3a	after	7	days	of	culture	(n=1).	
Enhanced differentiation of CD34+ cells is dependent on activation of the canonical Wnt 
pathway
Binding	of	Wnt3a	to	its	receptor	can	be	blocked	with	the	Wnt	antagonist	Fz8CRD,	a	soluble	















Wnt3a inhibits expansion of CD34+ cells driven by the Aryl hydrocarbon receptor 
antagonist Stemregenin1
The	Aryl	hydrocarbon	Receptor	 (AhR)	 is	 implicated	to	play	a	role	 in	 the	proliferation	and	
differentiation	of	HSPC.	AhR-KO	mice	have	increased	number	of	LSK	cells	in	the	bone	marrow	
and	these	LSK	are	hyperproliferative35	and	hematopoietic	progenitors	of	donor	mice	treated	
with	 the	 AhR	 agonist	 TCDD	 show	 impaired	 competitive	 engraftment36.	 In	 addition,	 the	
AhR	antagonist	StemRegenin1	(SR1)	has	been	shown	to	effectively	enhance	the	expansion	








































































































Figure 4. Wnt3a-mediated inhibition of HSPC expansion is 
due to activation of the canonical Wnt3a pathway.
	 (A)	 Expansion	 of	 CD34+	 cells	 after	 7	 and	 14	 days	 of	 culture	
in	 SFT,	 SFT+Wnt3a,	 SFT+Fr8CRD	 and	 SFT+Wnt3a+Fr8CRD	
(n=2).	(B)	CD34+	cell	frequency	within	the	TNC	population	dur-












































Figure 5. Wnt3a inhibits SR1-enhanced CD34+ cell expan-
sion. 
UCB-derived	 CD34+	 HSPC	 were	 cultured	 for	 14	 days	 in	
SFT	 or	 SFTSR1	medium	with	 or	without	 the	 addition	 of	
Wnt3a.	Flowcytometric	analysis	was	performed	at	day	14.	
Depicted	is	the	CD34+	cell	expansion	after	14	days	of	cul-
ture	(n=5).	* p<0.05, ** p<0.01




The	 effects	 of	 Wnt	 signaling	 on	 human	 HSPC	 proliferation,	 differentiation	 and	 survival	
are	still	poorly	understood.	 In	 this	 study,	we	show	that	Wnt3a	protein	suppresses	 rather	






of	mouse	 LSKI	 (Lineage	 negative,	 Sca-1+,	 c-kit+,	 IL-7Rα-)	 cells	 after	 culture	 in	 serum-free	
medium	 containing	 SCF,	 Flt3L	 and	 Wnt3a	 compared	 to	 culture	 conditions	 with	 growth	






both	phenotypically	and	functionally	 in	 long	term	cultures40	 .	 In	addition,	overexpression	
of	 the	Wnt	 inhibitor	Dickkopf-related	protein	1	 (Dkk1)	was	 shown	 to	 significantly	 impair	




inhibiting	differentiation	of	HSC	 in	 growth-factor	 based	 cultures	 of	mouse	 LSKT	 (Lineage	
negative,	Sca-1+,	c-kit+,	Thy-1.1lo)24,	26.	However,	they	used	cells	derived	from	BCL2	transgenic	
mice.	 The	 BCL2	 anti-apoptotic	 signal	 in	 HSPC	may	 counteract	 possible	 apoptotic	 signals	
induced	 by	 Wnt3a	 signaling.	 Moreover,	 they	 used	 serum,	 which	 may	 supply	 additional	
signals	 that	allow	canonical	Wnt	 signaling	 to	exert	a	differentiation	 inhibitory	effect	or	a	
more	pronounced	effect	on	self-renewal.	It	would	compare	well	to	several	other	studies28,	
41,	which	show	that	the	presence	of	additional	factors	is	required	to	balance	the	activated	
Wnt	 pathway.	 Trowbridge	 et	 al.	 showed	enhanced	 long-term	 repopulation	 after	 treating	
mice	with	a	GSK3beta	inhibitor,	which	regulates		the	canonical	Wnt	pathway	and		several	
other	pathways	as	well41.	 	Perry	et	al.	 showed	 	 that	 the	combination	of	a	PTEN	deletion	





agonist	 TCDD	 show	 impaired	 competitive	engraftment36.	 In	 addition,	 the	AhR	antagonist	
StemRegenin1	 (SR1)	 promotes	 expansion	 of	 human	 hematopoietic	 stem	 cells37,	 38.	 We	





















Collectively,	 we	 show	 that	 exogenous	Wnt3a	 proteins	 reduces	 the	 expansion	 of	 human	
HSPC	 in	 serum-free	 growth	 factor-driven	 HSPC	 expansion	 cultures	 by	 promoting	 their	
differentiation	 without	 apparently	 affecting	 their	 proliferation	 or	 survival.	 It	 cannot	 be	
excluded	 that	 additional	 signals,	 such	 as	 the	 induction	 of	 a	 hypoxic	 cellular	 response,	
















































	 mediated	expansion	of	human	cord	blood	progenitor	cells	capable	of	rapid		 	 	
	 myeloid	reconstitution.	Nat	Med.	2010	Feb;16(2):232-6.





























































































A liver organoid-mediated gene therapy 




























body,	 adult	 stem	 cell	 populations	 are	 also	 valuable	 for	 therapeutic	 applications.	 Today,	
hematopoietic	stem	and	progenitor	cells	(HSPC)	are	routinely	used	in	therapeutic	settings1.	
Furthermore,	 recent	advances	 in	cultures	of	several	other	 types	of	adult	stem	cells	 from	
a	variety	of	tissues	 including	 liver	and	 intestine	opens	up	new	experimental	avenues	 for	
disease	modeling,	toxicology	studies,	regenerative	medicine,	and	gene	therapy2.	However,	
several	shortcomings	of	stem	cell	sources,	including	lack	of	suitable	donors,	low	numbers	
of	 stem	cells,	 and	undefined	culture	 conditions,	 limit	 their	applicability.	 The	ability	 to	ex 
vivo	expand	adult	 stem	cell	populations	 in	a	 robust	and	defined	manner	would	certainly	
facilitate	 exploitation	 of	 their	 massive	 regeneration	 potential.	 Therefore,	 it	 is	 of	 vital	
importance	to	provide	the	cultures	of	adult	stem	cells	with	the	essential	factors	that	govern	









from	 intestine	 and	 liver	 in	 serum-free	 conditions.	 Moreover,	 this	 thesis	 demonstrates	





Stabilizing Wnt proteins with hydrophobic carriers for their implementation in organ stem 
cell cultures




for	 diagnostic	 or	 drug	 screening	 purposes	 and	might	 allow	personalized	 therapy	 design.	
Efforts	 are	under	way	 to	use	organoids	 from	cystic	fibrosis	 and	 colon	 cancer	patients	 to	
screen	drugs	for	each	individual,	bringing	truly	personalized	medicine	to	patients11,12.	
Human	organoids	require	Wnt	signals,	provided	by	a	serum-containing	medium	conditioned	
by	 a	 Wnt3a-producing	 cell	 line.	 Nevertheless,	 serum	 batches	 have	 to	 be	 screened	 and	
support	only	some	types	of	organoids,	complicating	culture.		Moreover,	conditioned	media	
introduce	differentiation-inducing	and	undefined	components	that	are	undesirable	for	drug	
















cells.	Moreover,	 the	prolonged	activity	of	 lipid-stabilized	Wnt3a	protein	and	 the	absence	
of	 CHAPS	 offer	 advantages	 for	 all	 tissue	 culture	 uses	 of	 Wnt3a	 protein.	 To	 make	 our	
technology	widely	 available,	we	developed	 lipid-coated	nanoparticles	 that	 can	be	added	
to	any	cell	culture	to	instantly	extend	the	lifetime	of	Wnt	proteins.	Moreover,	as	another	








to	 necessary	 signals,	 the	 organoid	 cultures	 of	 organ	 stem	 cells	 also	 requires	 a	 laminin	
and	collagen-rich	matrix,	known	as	Matrigel	 (BD	Biosiences)	or	Cultrex	BME	(Amsbio)	by	
its	 trade	name,	which	provides	a	 scaffold	 for	3D	growth4–7,10,13.	 These	matrices	consist	of	







The effect of Wnt3a-induced signaling in hematopoietic stem and progenitor cells ex vivo
The	widespread	use	of	hematopoietic	stem	and	progenitor	cell	 (HSPC)	 transplantation	 in	
treatment	of	a	variety	of	hematological	and	genetic	diseases	is	limited	by	the	shortage	of	
compatible	donors.	Owing	to	its	ease	of	availability	and	less	stringent	matching	criteria15,	













Wnt3a,	Nemeth	 and	 colleagues	 reported	 a	 decrease	 in	 the	 number	 of	wild	 type	mouse	






































HSC	self-renewal29.	 There,	 they	observed	 that	while	a	 low	dose	of	Wnt	 signals	enhances	














will	 not	 benefit	 from	 the	 addition	of	Wnt3a	 proteins	 in	 the	 serum-free	 culture	 systems.	
Nevertheless,	a	library	of	other	growth	factors	manipulating	different	signaling	pathways,	
which	might	cooperate	with	Wnt	signals	in	expansion	of	HSPC,	can	be	tested.
Liver organoid technology for a gene therapy approach of lysosomal storage disorders 











































liver	organoid	 cells	 to	 repopulate	 the	 liver.	Huch	and	 colleagues	demonstrated	 that	 liver	
organoid	 differentiate	 into	mature	 hepatocytes	 in vitro	 and	 then	 engraft	 into	 the	 livers	
of	 mice	 upon	 transplantation10,13.	 For	 successful	 engraftment	 of	 liver	 organoid	 derived	








mice	 via	 intrasplenic	 injection	 technique,	 these	 cells	 did	not	 engraft	 into	 recipient	mice.	
Since	 achieving	 successful	 engraftment	 of	 liver	 organoids	 is	 essential	 for	 our	 strategy	 of	
liver	 organoid	 mediated	 gene	 therapy	 of	 Hurler	 disease,	 the	 investigation	 of	 probable	
reasons	 behind	 inefficient	 transplantations	 is	 necessary.	 Therefore,	 further	 experiments	
are	 required	 to	assess	whether	 the	damage	model	we	used	 in	 this	 study	 indeed	 formed	
a	regenerative	environment	that	allows	the	engraftment	of	liver	cells.	Transplantations	of	
freshly	 isolated,	 genetically	marked	 hepatocytes	 into	 pre-treated	 recipients	might	 aid	 in	
testing	the	efficiency	of	the	indicated	conditioning	regimens	and	might	serve	as	a	positive	
control.	 Accordingly,	 the	 doses	 of	 the	 toxic	 agents	 can	 be	 adjusted.	Guo	 and	 colleagues	
report	that	CCl4	treatment	following	transplantation	increase	the	efficiency	of	hepatocyte	





might	be	 tested	 to	 see	whether	 it	 increases	 the	efficiency	of	 liver	organoid	derived	cells	
engraftment	into	the	liver.	
Exploring	 the	 probable	 reasons,	 we	 observed	 that	 the	 differentiation	 protocol	 we	 used	
did	not	lead	to	efficient	specification	of	liver	organoid	cells	into	mature	hepatocytes.	Thus,	
further	 investigations	 of	 pathways	 known	 to	 influence	 differentiation	 of	 liver	 organoids	
towards	 hepatocytes,	 including	Wnt,	 TGFb,	 BMP,	 cAMP	 and	Notch	 signaling	 pathways13,	
might	 enhance	 the	 engraftment	 potential	 of	 liver	 organoids.	 The	 low	 differentiation	
efficiency	might	also	stem	from	the	presence	of	low	numbers	of	Lgr5+	stem	and	progenitor	
cells	 in	 liver	organoids,	which	are	 routinely	 cultured	with	R-spondin	but	not	with	Wnt3a	
proteins.	Our	data	showed	that	by	activation	of	Wnt	signaling	via	liposome-stabilized	Wnt	
proteins,	the	population	of	Lgr5+	GFP	expressing	organoid	cells	was	drastically	increased.	
This	 increase	 in	 the	number	of	bi-potent	Lgr5+	stem	and	progenitor	cells	might	 increase	
the	yields	of	mature	hepatocytes.	A	further	optimization	step	that	can	be	explored	in	case	
of	 insufficient	 engraftment	 is	 the	additional	 use	of	mesenchymal	 stromal	 cells	 shown	 to	
support	regeneration,	by	blood	vessel	formation43	or	by	suppressing	the	immune	system44.
To	 sum	up,	 in	 this	 chapter	we	demonstrated	 the	utility	 of	 liver	 organoids	 as	 a	 stem	cell	
source	for	production	of	the	enzymes	necessary	for	treatment	of	LSDs,	in	particular	Hurler	








Adult	 stem	 cells	 cells	 are	 capable	 of	 regenerating	 and	 repairing	 damaged	 tissues,	 and	
therefore	 offer	 scientists	 the	 possibility	 of	 creating	 new	 therapies	 and	 cures	 for	 a	 wide	
variety	of	diseases.	In	this	thesis,	we	conducted	studies	aiming	at	investigating	the	use	of	
Wnt	 proteins	 for	 in vitro	 culture	 of	 adult	 stem	 cells.	 Our	 innovative	 liposome-stabilized	
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The	 establishment	 of	 human	 organ	 stem	 cell	 cultures	 as	 organoids	 has	 opened	 new	
avenues	 for	 stem	 cell-based	 assays	 and	 therapies.	 The	 human	 organoids	 are	 dependent	
on	Wnt	signals	provided	in	the	form	of	a	Wnt3a-conditioned	medium.	While	effective,	this	
medium	contains	serum	and	other	undefined	factors	undesirable	for	clinical	and	diagnostic	
applications.	 In	Chapter 2,	we	 investigate	 the	use	of	purified	Wnt3a	protein	 instead	of	a	
Wnt3a-conditioned	medium.	We	find	however	that	purified	Wnt3a	protein	fails	to	support	
human	intestinal	stem	cells.	We	show	that	this	is	because	the	Wnt3a	rapidly	loses	its	activity	
upon	 dilution	 in	 serum-free	medium.	 In	 addition,	 purified	Wnt3a	 contains	 a	 detergent,	
CHAPS,	 that	 is	 required	 to	maintain	 the	 stability	of	Wnt3a	but	 is	 toxic	 to	 the	 stem	cells.	
Searching	for	an	alternative	way	to	stabilize	Wnt3a	protein,	we	explored	the	finding	that	
Wnt3a	protein	can	associate	with	liposomes,	small	aggregates	of	fatty	molecules.	We	show	
that	 these	 liposomes	 can	 replace	 CHAPS	 and	maintain	Wnt3a	 activity	 in	 the	 absence	 of	
serum	 or	 detergent.	 Importantly,	 the	 lipid-stabilized	 Wnt3a	 supports	 both	 serum-free	
establishment	 and	 expansion	 of	 organoids	 from	 healthy	 and	 diseased	 human	 organs,	
including	 intestine	 and	 liver.	 These	findings	 remove	 a	major	 impediment	 for	 clinical	 and	
diagnostic	applications	of	adult	stem	cells,	and	offers	advantages	for	all	cell	culture	uses	of	








blood-derived	 HSPC	 in	 serum-free	 expansion	 cultures	 due	 to	 increased	 differentiation.	
Taken	 together,	 our	 data	 show	 that	ex vivo	 propagation	of	HSPC	may	 require	 additional	
differentiation-inhibiting	factors.	
In Chapter 5,	we	address	the	use	of	liver	stem	cells	cultured	in	organoids	for	gene	therapy	
of	 lysosomal	 storage	 disorders,	 with	 initial	 application	 towards	 Hurler	 disease.	 Hurler	
disease	is	caused	by	a	deficiency	of	the	lysosomal	enzyme	α-L-Iduronidase,	which	leads	to	
accumulation	of	its	undegraded	substrates	and	a	variety	of	subsequent	clinical	symptoms	



















in Chapter 6,	 where	 also	 perspectives	 for	 further	 studies	 are	 provided.	With	 respect	 to	
improving	 adult	 stem	 cell-based	 therapies,	 defining	 how	 or	 if	 we	 could	 use	 signaling	
molecules	 in vitro	for	expansion	of	stem	cells	are	of	great	importance.	In	this	regard,	this 







































Hoofdstuk 3 en 4	van	dit	proefschrift	beschrijven	het	effect	van	Wnt3a	eiwit	bij	het	kweken	
van	 stamcellen	 van	 het	 bloedsysteem	 (HSPC:	 hematopoietic	 stem	 and	 progenitor	 cells).	






















enzym,	 zelfs	 na	 vele	 passages.	De	 volgende	uitdaging	 is	 het	 effectief	 transplanteren	 van	
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